This paper describes the design of a line scanning element which may lead to future beam steering devices with operation at a single frequency. This device, operating near 60 GHz, consists of a rectangular silicon rod with small metallic stripe perturbations on one surface (upper side) and distributed p-i-n diodes attached to the adjacent surface (sidewalls), as shown in Fig. 1 . The angle of radiation of the fan-shaped beam is determined by the guide wavelength and the perturbation spacing. When the p-i-n diodes are in a nonconducting state (unbiased), the guide wavelength is a specific value which determines the angle of radiation. When the p-i-n diodes are biased in the forward direction, an effect is produced equivalent to moving a metal wall up to the side surface. The result is a longer guide wavelength in the dielectric and a change of the radiated angle of the fan-shaped beam. A shift in Manuscript received September 14, 1979; revised December 7, 1979 . 'Yb="-tan"wtan-w-') 
and nl = the index of refraction of silicon; n2,3,4,' = index of refraction of surrounding media (in this case, air).
If the p-i-n diodes are mounted on the sidewall of the silicon guide as in Fig. 1 creased to obtain the largest change in @ with a change in conductivity of the p-i-n diodes. Beyond this thickness, no further improvement was noted.
III. p-i-n DIODE MODULATORS
The physical arrangement for the guide and diodes [8] is shown in Fig. 1 . The diodes are attached to the guide sidewall adjacent to the perturbed upper surface with an insulating tape layer 0.016 cm thick so that the diodes are not directly on the sidewall. Due to the long carrier lifetime characteristics of p-i-n diodes in the intrinsic region under forward biased conditions, the free carriers act as a metal sheath across the intrinsic region as would a permanent metal surface (Fig. 2) . With the diodes forward biased (100 mA per diode), the sidewall of the silicon acts as a metallic surface which increases the propagation constant (kX). This reduces AX and hence increases A= and results in a shift of the radiated beam in a negative direction as indicated in (2). The effect on wavelength due to unbiased and biased diodes is shown in Figs. 2 and 3. The semiconductor modulating p-i-n diodes were constructed as follows: the dimensions of the trapezoidal diodes were 1.2 cm long (bottom side), 0.1 cm high, 0.05 cm wide, and 0.9 cm long (upper side). A trapezoidal diode configuration was chosen ( Fig. 1 IV.
DATA
The test setup for this study is shown in Fig. 4 A radiation pattern plot of power level I VI as a function of radiation angle at a frequency of 63.06 GHz for both unbiased and biased diodes is shown in Fig. 6 . The radiation angle shifted from -22.50 with no bias to -32°w ith a bias 100 mA on each of the three diodes. A polar Intermediate bias current levels were used (Fig. 6) The reason for the attenuation of power at intermediate current levels was thought to be as follows. At zero bias, the intrinsic region of the p-i-n diode has a very high resistivity.
The wave propagating down the dielectric waveguide experienced very little loss due to conduction processes. At low current levels (19 mA), the z' region of the modulator became slightly conductive and the propagating wave diffracted into the modulator material thereby permitting a increased loss. At higher current -3'2" '22.5' A8-9.5°-l silicon material and in so doing, permitted a low-loss condition.
In summary, high losses occur when the intrinsic region of the p-i-n diode is slightly conductive allowing the wave to enter the lossy medium.
In all other eondi-tions the losses are relatively small. To minimize losses, insulator tape was inserted between silicon dielectric waveguide and the modulator diodes in order to decouple the dielectric guide from the modulator. This definitely decreased the loss, but also decreased the modulation and change in angle which occurred due to a change in diode current. This interpretation is related to Fig. 6 . At O current, the power radiated is maximum and beamwidth being narrow indicates low loss and transmission down the entire length of perturbing elements. At 19 mA, the radiated power is low and the beam widens indicating the loss is higher and only a few of the perturbing elements contribute to the effective aperture diameter. At higher currents the i-region wall behaves like a metal. The result is low loss i~transmission and an increase in A= which increases the angle of radiation in a more negative direction. The beam is again narrow which is the result of low-loss transmission past the perturbations and a larger effective aperture diameter.
V. CONCLUSIONS
A line scanning antenna is proposed whereby electronic scanning can be carried out at a single frequency. Highresistivity silicon dielectric rectangular rods were used with metal stripes placed on the upper surface to form periodic perturbations causing radiation to be emitted. Grating structures incorporated in dielectric integrated circuits are covered in a paper by Itoh [9] and another paper by Song and Itoh [10] . The radiation angle @ measured from the normal was found to be a function of periodic distance of the perturbations and the wavelength A= in the dielectric rod. This wavelength could be changed by appending long, distributed p-i-n diodes to the sidewall. By making the i region of the diodes conductive, an effect similar to placing a metal wall on the side of the dielectric rod was observed and the guide wavelength increased resulting in a shifting of the beam to a larger negative angle. (terms defined in Table I ). If all the metal boundaries are extended to infinity ( Fig. 3(a) ), then t2, t4, h3, and h5 are all infinite, and (A-1) and (A-2) reduce to
The attenuation constants in the surrounding air media Calculations for three configurations of the silicon guide were made (Figs. 2 and 3) . Results are in Table II. It can be shown that ky2,4 changes very little with changes in kj. This is because (~/A2,4)2 >kj so that small variations in ky produce negligible changes in ky2,4 or q2,d, If (A-5) and (A-2) are solved simultaneously, k, can be obtained as indicated in Table II , column B. Similarly, 'These equations were derived by the authors following a similar technique described in [5] . Fig. 2(a) q Experimental values were measured using p-i-n diodes while theoretical values were obtained using metal wall concepts as shown in Fig. 3 .~is calculated from experimental @ using (2). The calculated and experimental values of radiation angle @ and guide wavelengths & are in close agreement. This shows that the experimental results can be predicted prior to measurement and hence parameters such as guide size and boundary wall locations can be determined.
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